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Gating Dependence of Inner Pore Access
in Inward Rectifier K Channels
an intracellular gate that opens and closes the channel
at the S6 “bundle crossing” by motion of these helices
(del Camino et al., 2000; del Camino and Yellen, 2001;
L. Revell Phillips, Decha Enkvetchakul,
and Colin G. Nichols*
Department of Cell Biology and Physiology
Washington University School of Medicine Holmgren et al., 1997, 1998; Liu et al., 1997), consistent
with the model proposed on the basis of the KcsA660 South Euclid Avenue
Saint Louis, Missouri 63110 (closed) and MthK (open) crystal structures (Figure 1B;
Doyle et al., 1998; Jiang et al., 2002a, 2002b).
Because of the conservation of pore structures, it
might be expected that Kir and other cation channelsSummary
should also be gated by closure at or below the bundle
crossing. Residues in or near the bundle crossing doCation channel gating may occur either at or below
the inner vestibule entrance or at the selectivity filter. control ligand gating (Figure 1Bb; Enkvetchakul et al.,
2000, 2001; Loussouarn et al., 2001a), and a recent sys-To differentiate these possibilities in inward rectifier
(Kir) channels, we examined cysteine accessibility in tematic proline-mutagensis of M2 in Kir3 channels indi-
cates a dependence of gating on the position of the M2the ATP-gated Kir6.2 channel. MTSEA and MTSET both
block channels and modify M2 cysteines with identical helix that is consistent with this notion (Jin et al., 2002).
While there is evidence for a similar gating in hyperpolar-voltage dependence. If entry is restricted to open
channels, modification rates will slow in ATP-closed ization-activated (HCN) channels (Shin et al., 2001), re-
cent studies on cyclic nucleotide-gated (CNG) and smallchannels, but because the reagent can be trapped
in the pore following brief openings, this may not be Ca2-activated (SK) channels suggest that S6 cysteines
may be accessible in the closed channels (Bruening-apparent until open probability is extremely low (0.01).
When these conditions are met, modification does slow Wright et al., 2002; Flynn and Zagotta, 2001). To directly
test where ligand gating occurs in Kir channels, we havesignificantly, indicating gated access and highlighting
an important caveat for interpretation of MTS-accessi- examined the state dependence of accessibility of cys-
teines in the inner pore of Kir6.2. We find that accessbility measurements: reagent “trapping” in nominally
“closed” channels may obscure gated access. of both MTSEA and MTSET to the inner vestibule is
restricted to the open state, but the unconsidered prob-
lem of MTS “trapping” in the inner vestibule can obscureIntroduction
this restriction if the degree of closure is not sufficient.
We conclude that the S6/M2 gating mechanism pro-Many different potassium (K) channels are involved in
regulating excitability in all cells and are critical determi- posed for Kv channels (Armstrong, 1966; del Camino
and Yellen, 2001; Holmgren et al., 1997; Liu et al., 1997;nants of electrical activity in neurons and glia (Barres
et al., 1990; Chiu et al., 1999; Peusner et al., 1998; Pongs, Rothberg et al., 2002) and inferred from comparison of
MthK and KcsA crystal structures (Jiang et al., 2002a,1999; Raap et al., 2002; Roeper and Pongs, 1996; Rudy
and McBain, 2001; Sah and Davies, 2000). All K chan- 2002b) is also responsible for gating of Kir channels,
and that MTS accessibility measurements should benels, and indeed all cation channels, are probably built
along the same structural pattern as that seen in the interpreted with caution.
bacterial KcsA and MthK channels (Doyle et al., 1998;
Jiang et al., 2002a). A p-loop at the outer membrane Results and Discussion
surface forms a narrow ion selectivity filter, and the
transmembrane conduction path is lined by the S6 or M2 Pore-Lining Cysteines in M2 Are Modified
helices that follow the p-loop in the primary sequence by MTS Reagents
(Figure 1A). The functional differences between K chan- In order to reliably examine the effects of cysteine re-
nels lie in the control of their opening and closing, i.e., agents on substituted cysteines, it is necessary to gen-
their gating. The gating of one major class (Kv channels) erate a nonreactive background. With the naturally oc-
is controlled by voltage (Yellen, 1998; Yi and Jan, 2000). curring cysteine (C166) in M2, Kir6.2 channels are blocked
The gating of another major class of K channels, the by cadmium, but when this residue was mutated to serine,
inward rectifiers (Kir channels), is controlled by intracel- these control (Kir6.2-c) channels were almost com-
lular ligands, which bind to cytoplasmic domains (Figure pletely insensitive to cadmium (Loussouarn et al., 2000)
1B; Nichols and Lopatin, 1997; Yi et al., 2001b). Recent as well as to methane-thiosulfonate-ethyl-ammonium
studies have begun to define the ligand binding sites (MTSEA) and methane-thiosulfonate-trimethyl-ammo-
on different Kir channels (He et al., 2002; Huang et al., nium (MTSET) (Figure 2A). We previously identified pore-
1995, 1998; Krapivinsky et al., 1995; MacGregor et al., lining M2 residues based on Cd2 sensitivity of intro-
2002; Mirshahi et al., 2002; Tanabe et al., 1999; Vanoye duced cysteines (Figure 1A; Loussouarn et al., 2000).
et al., 2002), but little is known about the opening and Current is rapidly reduced following modification of
closing events themselves. This is not the case for Kv these residues (L157C, A161C, L164C, M169C) by
channels, where there is now considerable evidence for MTSEA or MTSET (Figures 2B and 2C), and there is no
significant inhibition of current for residues predicted to
face away from the pore (M163C). Equivalent residues*Correspondence: cnichols@cellbio.wustl.edu
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Figure 1. Structure of the Kir Pore and Gating
(A) Comparative model of Kir6.2 pore (Loussouarn et al., 2000),
based on KcsA crystal structure (Doyle et al., 1998). Critical residues
examined in this study are indicated as space-filling side chains.
(B) Cartoon to illustrate potential ligand-dependent gates in Kir6.2
channels (adapted from Enkvetchakul et al., 2000). The open channel
is lined by the P-region at the extracellular side of the membrane
and by M2 helices toward the cytoplasm. The open state is stabilized
by interaction of the cytoplasmic domain with the membrane phos-
pholipids (Shyng and Nichols, 1998). Conversely, ATP stabilizes the
closed state that could arise from (a) steric closure at or below
the M2 bundle crossing, or (b) by a blockage of permeation in the
selectivity filter. Figure 2. MTS Reagents Modify Cysteines in the Kir6.2 Inner Ves-
tibule
(A) No modification occurs in control Kir6.2-c (see Experimentalwere predicted to face toward (V169C, A173C, I176C)
Procedures) channels. ATP, MTSET, or MTSEA were applied to an
or away (I175C) from the pore of Kir2.1 channels (Lu et inside-out patch as indicated (Vm  50 mV).
al., 1999). (B) L157C mutant channels are irreversibly modified by MTSET, or
Partial reduction of current following modification MTSEA, applied as indicated (Vm  50 mV).
(C) Fractional decrease of patch current resulting from steady-state(Figure 2B) is consistent with an electrostatic effect on
modification by MTSEA or MTSET ( SEM, n  3–10 in each case).permeation rates, rather than a closing off of the perme-
(D) Apparent modification rate constants obtained from exponentialation pathway. Complete modification of L157C chan-
fits to currents, as in (B). MTSEA and MTSET were generally applied
nels by MTSEA reduces macroscopic currents by50% at 0.1 mM or 1 mM, respectively (mean  SEM, n indicated).
(Figure 2C). This reduction results from a reduction of
the single channel current (Figure 3A) and not from an
effect on gating (Figure 3B), and the sensitivity of channels (Cannell and Nichols, 1991; Nichols et al., 1991), but
since diffusion is not altered by MTSEA modification,to ATP inhibition (Figure 3C) is essentially unaltered after
MTSEA modification. Determination of absolute opening the similar time courses of opening and closing, before
and after modification, indicates that the channel kinet-and closing rates from concentration-jump experiments
such as these is compounded by diffusion limitations ics are also unaltered following modification (Figure 3D).
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Figure 3. MTSEA Modification Reduces
L157C Single-Channel Current but Does Not
Affect Gating
(A) Representative record of mutant L157C
single channel activity, before and after
MTSEA modification (Vm  50 mV), shows
50% reduction of single-channel current.
(B) Representative record of mutant L157C
channel activity, before and after MTSEA
modification (Vm50 mV), shows inhibition
by 10 mM ATP.
(C) Representative dose-response curve to
ATP before and after MTSEA modification,
from another patch.
(D) Scaled, superimposed, faster time base
recordings (from B) before and after MTSEA
modification during channel closure in ATP
(left) and reopening (right). Both ATP sensitiv-
ity (C) and kinetics (D) are essentially unal-
tered by modification.
Accessibility of the Inner Vestibule in Figure 4E, there is actually close correlation between
the voltage dependence of irreversible modification ofIs Voltage-Dependent
It is clear from Figures 2B and 2D that the rate of modifi- L157C and of reversible occupancy of the “blocked”
channel.cation of inner vestibule cysteines by MTS reagents is
very slow in Kir channels at 50 mV. For both MTSEA This similar voltage dependence of modification and
block implies that the sites for each are positioned at aand MTSET, the modification rates are orders of magni-
tude lower than rates reported in open Kv channels (Liu similar electrical “depth” within the pore. As shown in
Figure 4E, the modification rate constant appears toet al., 1997), and similarly low rates have been reported
for modification of Kir2.1 channels (Lu et al., 1999). It saturate at 2 s1. This saturation of modification rate,
as occupancy of the pore is saturated, indicates thatis also reported that MTSEA accessibility to open Kv
channels is only weakly voltage dependent (Liu et al., modification is not occurring from MTSEA in the bulk
solution, but from a saturable site within the inner vesti-1997), but both MTSEA (Figure 4A) and MTSET (not
shown) cause steeply voltage-dependent (Z 1.25) bule and implies that the modification rate will become
concentration independent as occupancy of the siteblock of nonmodified Kir6.2-c channels (Figure 4B). At
the concentrations examined, there is actually very little approaches saturation. We tested this further by exam-
ining MTSEA modification rates at a series of voltagesMTSEA block of Kir6.2-c at 50 mV, and since both
block and modification occur from within the inner vesti- and concentrations (Figure 5A). The modification is con-
centration dependent at negative voltages but reachesbule, modification may also be voltage dependent. We
examined this possibility using experiments like that the same saturating rate constant (2 s1) as either
voltage or concentration are increased. The simplestshown in Figures 4C and 4D. While there is no modifica-
tion of Kir6.2-c channels even at positive voltages (Fig- kinetic scheme that accounts for this concentration and
voltage-dependent behavior requires three statesure 4C), modification of L157C is almost complete fol-
lowing just a 2 s step to 75 mV (Figure 4D). As shown (Scheme 1):
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Figure 4. Both MTSEA Block and Modifica-
tion of L157C Are Voltage Dependent
(A) Representative records of Kir6.2-c current
in the absence and presence of 0.1 mM
MTSEA, in response to voltage steps from
Vh  80 mV to voltages between 70
and 80 mV (10 mV steps).
(B) Top: Steady-state current-voltage rela-
tionships (from A). Bottom: Relative conduc-
tance (Grel)-voltage relationships computed
from above (Grel  IMTSEA/Icont), fit with Boltz-
mann function (Z  1.25, V1/2  55 mV).
(C and D) Representative inside-out currents
recorded from patches containing SUR1 
Kir6.2-c (C) or L157C (D). Vm was repeatedly
stepped from50 to50 or75 mV. MTSEA
was applied as indicated.
(E) Modification rate of L157C, from records
as in (D) (see Experimental Procedures), as
a function of membrane potential (symbols,
mean  SEM, n  3–7, left scale), and frac-
tional block of Kir6.2-c (1  Grel, from Boltz-
mann fit in B, right scale), versus membrane
potential.
[1] model accurately predicts the experimentally observed
concentration and voltage dependence of modification
rates.in which Oin represents the MTS-blocked state, from
which modification proceeds. km is given by the saturat-
ing modification rate (2 s1). The concentration- and Is Accessibility of the Inner Vestibule Reduced
in the Closed State?voltage-dependent entry and exit rate constants (kin, kout)
can be estimated from relaxation time constants and Gating of Kv channels seems to occur by a movement
of the S6 (M2) helices that pinches off the permeationequilibrium block in the presence of MTS, as shown in
Figures 5B and 5C. This fully constrained model allows pathway at the bundle crossing of the helices (del Cam-
ino and Yellen, 2001; Jiang et al., 2002b). Are Kir chan-us to simulate the time course of modification as a
function of concentration and voltage (see Experimental nels closed in the same way? Preliminary experiments
indicated little difference between modification rates inProcedures). With the parameters listed in Figure 5, the
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naive interpretation fails to stand up to further quantita-
tive consideration.
The simplest extension of Scheme 1 to include gating
requires three additional closed states, limiting cases
being Scheme 2a, with the inner vestibule being freely
accessible to MTS in the bulk solution in both open and
closed states, and Scheme 3a, with the vestibule being
accessible only in the open state:
[2a]
[3a]
As shown in Figures 3B–3D, neither the steady-state
ATP dependence of channel activity nor the kinetics of
channel opening and closing are altered by modification.
Thus, the gating process is essentially the same in the
unoccupied and modified states (and likely to be the
same in the blocked state). If the rate constants for
ATP-dependent opening and closing are known, these
models are thus also constrained and modification ki-
netics can be predicted as a function of the open proba-
bility. As shown in Figure 3D, the opening and closing
rates of L157C channels are approximately exponential
Figure 5. MTSEA Modification Rates Saturate at High Concentra-
with opening  and closing  (in 10 mM in ATP) in thetion and Positive Voltages
order of 100 msec. The detailed kinetics of ligand gating(A) Concentration and voltage dependence of rate of MTSEA modifi-
are actually quite complex (Enkvetchakul et al., 2000),cation of L157C. Data points are from experiments (mean  SEM),
and a two-state model is oversimplified. However, thelines are predictions of Scheme 1 (see B and C).
(B) Expanded time base records of Kir6.2-c current in the presence conclusions we draw below are not critically dependent
of 0.1 mM MTSEA, in response to voltage steps from Vh  80 mV on the detailed gating scheme nor on the opening/clos-
to voltages between 30 and 80 mV (from Figure 4A), over which
ing rates (see Figure 6A, Scheme 3b), but only on therange block is increasing. Exponential fits are indicated.
degree of closure. Figure 6A shows predicted apparent(C) MTSEA entry (kin) and exit (kout) rate constants as a function of
modification rate versus open probability using the pa-Vm, estimated from current relaxation and steady-state block (from
B), kin(Vm)  kin(0)·exp(zin·F·Vm), kout(Vm)  kout(0) ·exp(zout·F·Vm), where rameters for Scheme 1 determined in Figure 5, plus
F  Faraday’s constant, kin(0)  550 mM1·s1, zin  0.6, kout(0)  opening (ko) and closing (kc) rate constants given in
840 s1, zout  0.65. The curves in (A) are predictions of this model Figure 6. If there is no gating-dependent accessibility(with kM  2 s1). For modeling MTSET modification, as in Figure
(Scheme 2a), the modification rate is unaffected by clo-7B, corresponding parameters were kin(0) 150 mM1·s1, zin  0.9,
sure. However, if the vestibule is only accessible in thekout(0)  2200 s1, zout  0.35, kM  0.2 s1 (data not shown).
open state (Scheme 3a), the apparent modification rate
slows as the channel is closed, but by how much de-
pends very nonlinearly on open probability. Strikingly,the presence or absence of ATP (Phillips and Nichols,
given the measured MTS accessibility rates, modifica-2002). Very similar modification rates, and lack of clear
tion rates are not predicted to slow appreciably until thedependence on gating, were also preliminarily reported
channels are 99% closed.for Kir2.1 channels (Xiao and Yang, 2002). On the face
The above predictions assume that the final modifica-of it, such data provide primary evidence that, because
tion rate (km) is the same in open and closed channels.there is no slowing of modification when the channels
We also consider the additional cases (Schemes 2b andare closed, there should be no ligand-operated gate to
3b) in which the modification rate constant is differentMTS reagents and hence to permeant ions at the level
of the bundle crossing in Kir channels. However, this in the closed (km,c) and open (km,o) states:
Neuron
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Figure 6. MTSEA Modification Rate Depends
Nonlinearly on Open Probability
(A) Theoretical dependence of modification
rate on open probability (see text). Heavy
lines correspond to predictions of limiting
Schemes 2 and 3 described in Results, with
parameters for 0.1 mM MTSEA modification
at 50 mV from Figure 5, and with ko  100
s1, kc  100 mM1·s1. Also shown (dashed)
are the predictions for Scheme 3b with 10-
fold higher (i, ko  1000 s1, kc  1000
mM1·s1) and 10-fold lower (ii, ko  10 s1,
kc  10 mM1·s1) opening and closing rates.
(B) Representative consecutive records of
poly-L-lysine-treated L157C currents. The
patch was exposed to 0.1 mM MTSEA (plus
ATP as indicated) immediately before a brief
pulse (0.5 s) from 50 to 50 mV, then re-
turned to control solution immediately after.
Zero current (solid), prehit current (dashed),
and fully modified current (dotted) are indi-
cated.
(C) Higher resolution of the currents in 1 or
10 mM ATP from times indicated in (B). From
these records, the mean channel current in
the presence of ATP was estimated, and the
relative open probability (rPo) was calculated
(rPo  IATP/IControl).
For scheme 2b, 5-fold increase in the closed state modi-
fication rate (km,c) will cause the overall modification rate
to increase asymptotically as the open probability de-
creases (Figure 6A). For the limiting scheme 3b, with zero
access in the closed state, the same (5-fold) increase in
[2b]
km,c leads to a bell-shaped dependence of modification
rate on open probability (Figure 6A). At low degrees of
closure, the modification rate will be enhanced; at 50
mV the MTSEA modification rate is not expected to slow
until Po  0.01. At more negative voltages, and for the
slower modifying MTSET, considerably lower Po must
be attained before appreciable slowing is observed (see
Figure 7).
[3b]
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posures to MTSEA. In the presence of 10 mM ATP, a
high degree of closure (rPo  0.0004) was now attained
(Figure 6C), and MTSEA failed to significantly modify
the current during a 500 msec pulse to 50 mV (Figure
6Bi). However, in 1 mM ATP (rPo  0.0056), there was
significant modification during the 500 msec pulse
to50 mV (Figure 6Bii), similar to the extent of modifica-
tion in the absence of ATP (Figure 6Biii). In Figure 7,
apparent modification rates for individual L157C
patches are plotted as a function of open probability,
estimated in the absence or presence of various concen-
trations of ATP. For both MTSEA and MTSET, the data
follow a bell-shaped dependence on the degree of clo-
sure, with modification rates slowing at very low open
probabilities. Also shown in Figure 7A are the predicted
relationships for zero (Scheme 2b) or equal accessibility
(Scheme 3b) as well as for “partially gated” models in
which the accessibility in the closed state is a fraction
of that in the open state. The data indicate that accessi-
bility is clearly at least 100-fold lower in the closed state
(i.e., the scaling constant  0.01). When modification
rates are examined for MTSEA modification at 50 mV
(Figure 7A) or for MTSET modification at75 mV (Figure
7B), both the predicted and observed relationships shift
on the y axis and change “curvature” with rPo. Together,
the data provide strong evidence for a gradual slowing
of modification rates as high degrees of closure are
attained, and argue against significant MTS access in
the closed state.
A Common Structural Basis of Gating in Kv
and Kir Channels?
In the present study, we have observed that MTS re-
agents modify essentially the same group of residues
that coordinate Cd2 ions (Loussouarn et al., 2000).
These residues are equivalent to those that are MTS
accessible in Kir2.1 (Lu et al., 1999) and align with pore
lining residues in KcsA (Doyle et al., 1998). Given that
chimeras in which the KcsA pore is substituted into a
Kir (Kir2.1) channel or into a Kv (Kv2.1) channel express
functional inward rectifiers and voltage-gated K chan-
Figure 7. MTS Accessibility Is Gated below L157C
nels, respectively (Lu et al., 2001c), we may place confi-
(A and B) Relationship between modification rate of L157C and open dence in the likelihood that the overall architecture ofprobability for MTSEA at 50 and 50 mV (A) or MTSET (B) at 75
KcsA (Doyle et al., 1998) is replicated in Kir channels,mV, from records as in Figure 6B. Dashed lines connect individual
and that M2 helices form an “inverted tepee” lining themeasurements from single patches. The heavy lines indicate the
expected relationship from Scheme 3b, with parameters as in Fig- inner vestibule of the channel. The KcsA structure ap-
ures 5 and 6. Also shown for 50 mV in (A) are the relationships for pears to be closed to permeation at the lower end of
Scheme 3a with partially gated access, in which the entry and exit the inner vestibule, where the M2 helices cross (the
rates of MTSEA in the closed state are scaled fractions of the entry bundle crossing). By contrast, the M2 helices areand exit rates in the open state (scaling constants indicated).
splayed open by 30 (at the residue equivalent to
Gly156 in Kir6.2) in the MthK structure. This splaying of
the helices opens the inner vestibule to a wide, almostThe ATP sensitivity of KATP channels varies from patch
to patch, depending on the ambient phospholipids in the cylindrical, tunnel (Jiang et al., 2002a). Small ions should
freely permeate the bundle crossing in such a structure,patch (Loussouarn et al., 2001b). For L157C channels, 10
mM ATP typically reduces channel current to only about and hence it is proposed that gating of K channels re-
flects transitions between a KcsA-like and MthK-like1%–5%, i.e., rPo of 0.01–0.05. However, ATP sensitivity
can be increased, and much more complete channel clo- structure (Jiang et al., 2002b).
Significant evidence has been marshaled in supportsure can be achieved, by treatment with poly-L-lysine,
which reduces the effective PIP2 concentration in the of the idea that a very tight steric closure of Kv and HCN
channels occurs at the level of the S6 (del Camino etmembrane (Enkvetchakul et al., 2000; Koster et al., 1999;
Shyng and Nichols, 1998). Figure 6B shows modification al., 2000; del Camino and Yellen, 2001; Liu et al., 1997;
Rothberg et al., 2002; Shin et al., 2001) bundle crossingof a poly-L-lysine-treated L157C patch by repeated ex-
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(i.e., the narrowest part of the pore, defined by the heli- bule, and the measured modification rates will depend
ces in KcsA) (Doyle et al., 1998). In contrast, several only on the accessibility (see Supplemental Data at http://
studies have used reagent accessibility measurements www.neuron.org/cgi/content/full/37/6/953/DC1).
to argue against such a gate in other cation channels, In conclusion, the present data indicate a gated ac-
including Kir channels (Bruening-Wright et al., 2002; cess of MTS reagents to the inner vestibule of Kir chan-
Flynn and Zagotta, 2001; Phillips and Nichols, 2002; nels, consistent with the previously proposed model in
Xiao and Yang, 2002; Proks et al., 2003). Is it really which movements of the gating sensor (i.e., the cyto-
conceivable that the fundamental structural changes plasmic C-terminal domain (Cukras et al., 2002; Shyng
that underlie voltage-gating of Kv channels are different et al., 2000) are directly coupled to the M2 segment
than those that underlie ligand-gating in Kir and other (Enkvetchakul et al., 2000). The ligand-operated gating
cation channels? Kir channels exhibit multiple gating of Kir channels is thus proposed to be fundamentally
states, but the kinetics are generally readily separable similar to the voltage gating of Kv channels (Liu et al.,
into fast and slow gating events (Choe et al., 1998, 1999; 1997) and to the archetypal gating proposed for MthK
Drain et al., 1998; Enkvetchakul et al., 2000, 2001). The and KcsA (Jiang et al., 2002b). The analysis highlights
former are clearly voltage and permeant ion dependent, a critical caveat for interpretation of MTS accessibility
and are therefore likely to involve the selectivity filter. measurements and suggests reconsidering the possibil-
Recent studies on various Kir channels have demon- ity that gating at or below the bundle crossing is a feature
strated the involvement of selectivity filter residues and of other, if not all, cation channel superfamily members.
permeant ions in fast gating processes (Choe et al.,
1999; Lu et al., 2001a, 2001b; Proks et al., 2001), but Experimental Procedures
slower ligand (e.g., PIP2, ATP, G protein) gating is not
obviously dependent on voltage or permeant ions. Expression of KATP Channels in COSm6 Cells
In all experiments, Kir6.2-c or cysteine-substituted mutants wereImportantly, mutation of residues in M2, particularly
coexpressed with SUR1. COSm6 cells were plated at a density ofresidues near the expected bundle crossing (Enkvetcha-
2.5 	 105 cells per well (30 mm 6-well dishes) and cultured inkul et al., 2000, 2001; Sadja et al., 2001; Yi et al., 2001a)
Dulbecco’s Modified Eagle Medium plus 10 mM glucose (DMEM-(and moreover at equivalent residues to those that lead
HG), supplemented with fetal calf serum (FCS, 10%). The first day
to voltage-independent opening of Kv channels [Es- after plating, cells were transfected using 1–2 
g each of pCMV6b-
pinosa et al., 2001; Hackos et al., 2002]), can have very Kir6.2, pECE-SUR1, and pGreenlantern (BRL Co) and 5 
l FuGene6
profound effects on ligand gating in Kir channels, indi- (Roche Co, Indianapolis, IN). Two days after plating, transfected
cells were replated onto glass cover slips for patch-clamping.cating a clear involvement of M2 in at least coupling the
gating sensors to the gates themselves. This has led us
to implicitly suppose that M2 helices, by analogy with Generation of a Nonreactive Background and Introduction
of CysteinesKv channels and the bacterial KcsA and MthK channels
Constructs containing point mutations were prepared by overlap(Doyle et al., 1998; Jiang et al., 2002a, 2002b) (see be-
extension at the junctions of the relevant residues by sequentiallow), act as the slow gate to permeation and form a tight
polymerase chain reaction (PCR). Resulting PCR products weresteric seal in the closed state (Enkvetchakul et al., 2000;
subcloned into pCMV6B and sequenced to verify the correct mutant
Jin et al., 2002; Loussouarn et al., 2001a). The quantita- construct before transfection. The starting “control” construct had
tive analysis of the present data does indicate a gated a deletion of 36 amino acids from the C terminus (Tucker et al.,
access of MTS reagents to the Kir6.2 inner vestibule, 1997). ThisC36 truncation had no effect on the function of channels
coexpressed with SUR1 (as in all of the present experiments). Theproviding evidence to support this hypothesis.
Kir6.2-c construct also contained a N160D substitution. This gener-So what are the implications of the present findings
ates strongly rectifiying channels in the presence of spermine, whichfor the nature of the gating mechanism in other Kir chan-
permits estimation of zero current for mutants that are insensitivenels and in other ligand-gated channels? The data illus-
to ATP. In addition, the Control-Kir6.2 construct contained the muta-
trate a critical caveat to interpretation of experiments tion C166S. Cysteine substitutions were made on this background
using accessibility measurements to assess the position (Loussouarn et al., 2000).
of the channel gate. With rapid gating and reagent ac-
cess, relative to modification rates, the problem of re- Patch-Clamp Measurements
agent trapping can obscure a gated access, unless the All experiments were performed at room temperature in a chamber
degree of closure is very high. It is significant that in that allowed the bathing solution exposed to the patch surface to
other studies using MTS accessibility to assess accessi- be rapidly changed using an oil gate (Lederer and Nichols, 1989).
Pipettes were pulled from Kimble 73813 soda lime glass using ability in other ligand-gated channels, the actual modifi-
horizontal puller (Sutter Instrument Co., Novato, CA). Electrode re-cation rates are uniformly slow (Bruening-Wright et al.,
sistances ranged from .5 to 2.5 M. Microelectrodes were sealed2002; Flynn and Zagotta, 2001; Simoes et al., 2002) and
onto green fluorescing cells by applying light suction to the rear of
the degree of closure in the (nominally) closed state is the pipette. Inside-out patches were obtained by lifting the electrode
not addressed. The possibility that reagent trapping is and then passing the tip through the oil gate. Pipette and bath
obscuring a gated access in these channels should per- solutions contained a modified KINT (in mM 140 KCl, 1 EGTA, 1
haps be considered. Conversely, we can turn the ques- EDTA, 2 K2HPO4, 2 KH2PO4 [pH 7.4]), with additions as described.
Membrane patches were voltage-clamped using an Axopatch 1Dtion around and ask why no such caveat seems to exist
amplifier. Data was normally filtered at 1 kHz and recorded directlyfor analysis of Kv channels (Liu et al., 1997). In this case,
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